ABSTRACT Postsystolic myocardial segment shortening (PSS) has been observed in dogs and humans by means of ultrasonic crystals but has never been studied specifically. In this study, both subendocardial and subepicardial regional function in the basal circumflex and midventricular anterior myocardium (LAD) was studied during late systole and early diastole with ultrasonic crystals. Fifteen open-chest dogs were instrumented with electrocardiographic leads; Millar catheters for measurement of left ventricular pressure, left ventricular dP/dt, and aortic blood pressure; flow probes for determination of aortic and mitral blood flow; and subendocardial and subepicardial crystal pairs to measure subendocardial segment length shortening velocity (dL/dt). Crystal pairs were placed in the subendocardial left oblique mode and the extreme subendocardial right oblique mode (-50 and + 50 degrees from equator) in the lateral basal (circumflex, n = 9) and anterior midventricular myocardium (LAD, n = 6). Subendocardial segments showed PSS averaging 34 7% of the total shortening distance in the circumflex bed and 21 + 2% in the LAD bed (p = NS). The rate of subendocardial segment shortening during PSS increased 273 42.6% (p < .05) relative to the rate of segment shortening during ejection in the circumflex bed and 126 40% (p < .05) in the LAD bed (p = NS). The most rapid diastolic increase in subendocardial length (peak + dL/dt) occurred immediately after subendocardial PSS. Subendocardial diastolic peak + dL/dt occurred after the onset of mitral inflow during the acceleration limb of the rapid ventricular filling phase. Overlying subepicardial segments began lengthening 82 + 12 msec before onset of subendocardial segment lengthening in the circumflex bed and 63 + 9 msec before subendocardial lengthening in the LAD bed (p < .05), indicating that the subepicardial segment had begun to lengthen while subendocardial segment shortening continued after end-systole. Onset of early segmental subepicardial lengthening varied with respect to the point of endsystole. Early segmental subepicardial lengthening with subendocardial PSS may be a mechanism by which the rapid filling phase of the left ventricle is actively potentiated by storing potential energy released as early diastolic elastic recoil. Circulation 74, No. 4, 901-911, 1986. SINCE RUSHMER'S 1956 description of the miniature ultrasonic crystal technique for measuring myocardial dimensions in the beating heart,' the technique has seen wide application in the study of several aspects of myocardial dynamics in both animals and human beings. Many of these previously published reports both in animals>' and in man5-7 provide evidence for regional or left ventricular short-axis shortening (in nonischemic myocardium) occurring during systole 
SINCE RUSHMER'S 1956 description of the miniature ultrasonic crystal technique for measuring myocardial dimensions in the beating heart,' the technique has seen wide application in the study of several aspects of myocardial dynamics in both animals and human beings. Many of these previously published reports both in animals>' and in man5-7 provide evidence for regional or left ventricular short-axis shortening (in nonischemic myocardium) occurring during systole and then proceeding into the early phase of diastole before regional diastolic lengthening occurs. Sabbah and Stein' showed that the pressure-diameter relationship observed during the left ventricular rapid filling phase is inconsistent with passive filling of the ventricle. Ventricular diameter increased while pressure within the ventricle decreased. This is consistent with the concept of diastolic suction, with blood being drawn in freely from the atrium without any negative left ventricular pressures detected.
In this study we positive-pressure respirator using 50% to 80% N20 and 02 to maintain normal blood gases. A thoracotomy was then performed through the fifth left intercostal space with the sixth rib removed for greater access to the myocardium supplied by the circumflex coronary artery. The heart was then suspended in a pericardial cradle, and the lungs were retracted, taking care not to obstruct the pulmonary veins. Studies on the effects of pericardiotomy on left ventricular diastolic pressure-volume relationships in the dog have led to the concept of "the diastolic heart as a composite shell of stiff pericardium and compliant muscle. '9 The constraints on diastolic wall movement imposed by the pericardial shell would be expected to be manifested predominantly at later or greater diastolic volumes. By contrast, the events studied in these experiments occur during late systole and early diastole when restrictive pericardial effects would be at a minimum.
A short saline-filled polyethylene catheter was advanced through a carotid artery to just above the aortic valve and connected to a Statham P23Db pressure transducer for measurement of aortic blood pressure. A Millar Micro-Tip high-fidelity micromanometer was implanted in the left ventricular chamber through an apical stab incision. An electrocardiogram lead was sutured to the epicardium in the area supplied by the circumflex coronary artery (see figure 1) . A polyethylene catheter was placed in the cephalic vein for infusion of normal saline and periodic supplementation of anesthesia with intravenous thiamylal sodium.
Pairs of miniature ultrasonic crystals were implanted in the basal circumflex bed in nine dogs at the subendocardial and subepicardial level to assess regional dynamics. In an additional six animals regional myocardial dynamics were similarly assessed in the distribution of the left anterior descending coronary artery (LAD) toward the apex of the heart with simultaneous subendocardial crystals in the lateral base between branches of the left circumflex coronary artery in three of these animals.
In five of the dogs, an incision in the left atrial appendage was made and a mitral valve flow probe (Carolina Medical Electronics, Inc.) was advanced through a purse-string suture and positioned above the mitral orifice for measuring phasic blood flow across the mitral valve as previously described. 10 before the onset of the positive dP/dt signal). segment length at end-systole (defined as the segment length at 20 msec before peak negative left ventricular dP/dt and corresponding to end ejection12), and percent systolic shortening (%L) with systolic shortening defined as the quotient: ([end-diastolic segment length -end-systolic segment length (L)/end-diastolic segment length] x 100). Percent PSS was defined as: ([PSS distance/total segment shortening distance] x 100), with PSS = (endsystolic segment length-minimum segment length) and total segment shortening distance = (end-diastolic segment length minimum segment length). While dL/dt was recorded in five dogs the slope change before and during subendocardial segment length PSS was determined in 15 animals by direct measurement of slopes on the subendocardial segment length recordings at a paper speed of 100 mm/sec and expressed as percent slope change. In addition, we determined the heart rate-dependent variables of ATA, ATB, ATc, AT0 (msec), where ATA -elapsed time from the point of end-systole to the point of minimal subendocardial segment length (maximal shortening distance), ATB = elapsed time from onset of subepicardial segment lengthening to the onset of lengthening in the underlying subendocardial segment, ATc = elapsed time from completion of the rapid early lengthening phase (REL) in the subendocardial segments to completion of the REL phase in the subepicardium, and ATD = elapsed time from completion of the REL phase in the basal circumflex subendocardial segment to completion of the REL phase in the midventricular LAD subendocardial segment. Completion of the REL phase was determined as the time at which the point on the segment length recording first indicates regional diastasis or the plateau phase of the diastolic segment length recording (figure 2). These variables are listed in tables 1 and 2. Data are expressed as mean ± SEM. Paired goups of data were compared for significant differences by the paired t test. Independent data (tables 1 and 2)
were compared by the t test for unpaired comparisons. AComparison of %L in the paired subendocardial and subepicardial data showed the difference was not significant by the paired t test. BComparison of ATA and ATB in the paired subendocardial and subepicardial data showed the difference was not significant by the paired t test.
Results
Subendocardial PSS. With ultrasonic crystals placed in the lateral basal aspect of the left ventricle in a right oblique orientation just off the endocardial surface in the subendocardium, we routinely observed a degree of PSS. Systolic shortening in the subendocardial segments averaged 9.35 + 2.05% of end-diastolic length and 1 1.39 + 1.29% of end-diastolic length in the overlying subepicardial segments (n = 9, p NS) in the circumflex bed and 16.10 ± 1.65% and 10.49 + 1. 18% in the respective subendocardial and subepicardial LAD bed (p = NS). The degree of PSS observed was variable and averaged 34.02 + 6.96% of the total segment shortening distance in the circumflex bed and 21.27 ± 2.38% in the LAD bed (p = NS). Time elapsed from end-systole to the point of maximal subendocardial segment shortening (ATA) averaged 72.22 ± 8.34 msec in the circumflex bed and 80.8 ± 6.5 msec in the LAD bed. With the present sample, no relationship was found between ATA and heart rate (tables 1 and 2). Figure 3 shows a recording taken from one experiment with ultrasonic crystals in the circumflex myocardium. The vertical lines delineate systole and diastole, with the first line marking the onset of mechanical systole, the second line end-systole, and the last line end-diastole. Following the first vertical line, a brief plateau is observed on the ultrasonic crystal tracing, which occurs during isovolumic ventricular contraction. With the onset of systolic ejection (see aortic 904 blood flow tracing), the segment length decreases rapidly as the ultrasonic crystals move closer together. In early diastole the segment length increases rapidly during the rapid ventricular filling phase. The diastolic increase in segment length then tapers off during dias- Figure 6 shows data from the same experiment as in figure 4 with the addition of transmitral blood flow and left ventricular dP/dt. figure 5 illustrates the phases of ventricular ejection, (A), subendocardial segmental PSS (B), ventricular rapid filling and diastasis (C), and the contribution to ventricular filling by atrial contraction (D). The changes in segment lengths during isovolumic contraction and the ejection phase are similar to those in the previous figures. Subepicardial segment shortening is completed during ejection (A) while subendocardial PSS continues beyond the point of aortic valve closure (B). The rate of segment shortening during PSS increased an average of 273 ± 42.6% relative to the rate of shortening during ejection (n = 9, p <.05) in the circumflex bed and 126.4 + 40.1 % in the LAD bed (n = 6, p< .05). This difference between the circumflex and LAD bed was not statistically significant. Immediately after PSS (C) the subendocardial segment lengthens rapidly (dL/dt tracing) as the mitral valve opens and mitral inflow occurs during the rapid ventricular filling phase. The atrial component of mitral flow corresponds with the increases in subendocardial and subepicardial segment length as the ventricle is distended in this region during atrial systole (D).
The points of end-diastole and end-systole are not identified in the subdivisions of figure 5 , which call attention to processes of filling, ejection, and wall motion without delineation of strictly isovolumic periods. Figure 7 shows comparable data from another experiment with subendocardial and subepicardial ultrasonic crystals in the LAD bed and simultaneous transmitral flow measurement. Subendocardial PSS also occurs in this anterior portion of the left ventricular wall during subepicardial segment lengthening. Rapid subendocardial segment lengthening following PSS is coincident with the acceleration limb of the first transmitral flow peak during the ventricular rapid filling phase. As seen in previous figures, the transmitral flow peak after atrial contraction coincides with a small late diastolic increase in the regional segment length measurements. Data from experiments with ultrasonic crystals placed in the LAD bed are listed in table 2. The regional segmental contraction phase of PSS did not always occur exclusively within the globally defined period of isovolumic relaxation as occurs in figures 5 and 7. Regional PSS continued at times for 10 to 20 msec after the onset of mitral blood flow. Onset of rapid segmental lengthening after PSS always occurred before or during the acceleration phase of the first transmitral flow peak. 
Discussion
Previously published reports have shown PSS in both open and awake closed-chest dogs by means of several patterns of miniature ultrasonic crystal placement.2`Regional and short-axis PSS have been observed in human hearts at the time of cardiac surgery.i-' Several studies have shown PSS to occur in nonischemic myocardium while others have described PSS to be an occurrence in ischemic myocardium and after coronary occlusion and reperfusion 4.'-12 Still other studies have attributed PSS to effects of inhalant anesthetic gases in animals with coronary stenosis. 13 1i We have routinely observed this behavior in healthy, anesthetized dogs with normally functioning hearts. It is already established from many previous studies that PSS occurs in most portions of the left ventricular wall in nonischemic hearts, including segments in the distribution of both the circumflex and LAD, midwall and subendocardial segments, and across the ventricular cavity short axis in man and open-and closed-chest dogs. -7 '2,-Studies with awake chronically instrumented dogs have shown PSS by means of ultrasonic crystals in short-axis external left ventricular diameter measurements, short-axis internal diameters,' and regional subendocardial measurements in the circumflex coronary artery distribution.4 2 Studies with open chest dogs have similarly shown PSS to occur in the LAD distribution in subendocardial segments parallel to the ventricular short axis2' 13-i line bisecting the angle formed by the LAD and circumflex branches. 6
In addition PSS has been measured in open-chest human studies with ultrasonic crystals after coronary artery bypass to measure left ventricular short-axis extemal diameters7 as well as regional midwall segments in the distribution of the LAD.5 6 Different regions of the left ventricular subendocardium exhibit substantial anatomic variation, particularly in areas where the papillary muscles greatly increase the local wall thickness, making placement of more apical transducer pairs difficult to standardize. More apically located segments exhibit increased shearing strain and torsional rotation than more basal segments, especially in the endocardial third of the myocardium, which may confound direct comparison of segments located in different areas.ii In addition, the fact that apical and midventricular segments complete the rapid lengthening phase significantly later than basal segments may introduce an additional variable of apicobasal delays. 16 Subtle alterations of function could be imposed by damage to contractile elements and conduction pathways from additional contiguously placed pairs of crystals.
We found regional segment length dynamics in the basal circumflex region and in the distribution of the LAD near the interventricular septum and midway between apex and base to be comparable. Subendocardial PSS and early subepicardial segment lengthening relative to the onset of subendocardial segment length- LABORATORY INVESTIGATION-VENTRICULAR PERFORMANCE ening were observed in both regions of the left ventricle. Although only two widely separated regions of the left ventricle were studied, the similarities noted in these regional patterns may suggest a global mechanism. We suggest that although PSS does not contribute directly to systolic ejection, it may serve to store potential energy that is released in elastic recoil as a restoring force, which rapidly returns the left ventricle to diastolic dimensions thus aiding left ventricular filling. Our data show that the onset of mitral blood flow, occurring during the rapid filling phase, corresponds very closely with the early rapid diastolic increase in subendocardial myocardial segment length. The most rapid increase in diastolic segment length occurs immediately after PSS. Therefore PSS may be a mechanism that augments the rapid ventricular filling phase in early diastole. Onset of the REL phase after subendocardial PSS occurs close to the onset of transmitral blood flow or during the acceleration phase of transmitral blood flow during the rapid ventricular filling phase. Although the significance of any myocardial recoil after PSS in augmenting mitral valve opening remains unknown, PSS with subsequent segmental rapid wall lengthening during the acceleration phase of the first mitral flow peak may provide a mechanism to augment this early rapid filling phase. Although there are inherent difficulties in extrapolating regional contraction patterns to changes in ventricular volume in relation to transmitral valve flow, studies have shown that changes in left ventricular stroke volume correlate closely with the cube of local myocardial dimension changes by means of the ultrasonic crystal method. '7 We have shown in a previous study describing subendocardial and s-abepicardial segment length changes occurring with progressive coronary occlusion that a point on the subendocardial segment length recording can often be identified at end-systole where PSS begins during control coronary flow, which becomes the peak of the "paradoxical bulge" during progressively ischemic conditions. 18 After the ischemic end-systolic bulge, the subendocardial segment shortens rapidly to its nadir during isovolumic relaxation before lengthening during the remainder of diastole.'6' 118 Nearly identical recordings have been made by other authors using ultrasonic crystals in the distribution of the LAD.2 This phenomenon may be attributed solely to regional failure of an ischemic region to shorten throughout systole but may also be interpreted as a compensatory mechanism during ischemia that allows ischemic areas to aid ventricular filling by PSS and elastic recoil while other less ischemic or nonischemic regions shorten to a greater extent throughout systole in compensation. The latter mechanism has been described in previous studies examining segment length changes with ultrasonic crystals placed in ischemic and nonischemic regions of the left ventricular wall. 2 Previous reports dating from antiquity through the 1950s to the present have addressed the degree to which the left ventricle in diastole behaves as a passively distending structure or involves restoring forces (diastolic suction) that aid ventricular volume increases and ventricular filling in early diastole.' [19] [20] [21] Tyberg et al. '9 provide two factors to explain this mechanism. The first, a geometric factor, uses the analogy of a tennis ball, which has a finite-equilibrium size that is maintained without transmural pressure and reflects the gross structure of the wall. Reduction of volume below this equilibrium volume requires active force. When this is removed, the ball will attempt to resume its previous volume, thus generating a negative pressure. 19 They also suggested an ultrastructural factor based on studies showing that individual muscle fibers will shorten and with relaxation reelongate themselves22 with sarcomere lengths comparable to those in an intact ventricle at zero resting transmural pressure. Ejection of volume below that at zero filling pressure would be expected to produce restoring forces in the sarcomere that would contribute to the energy for elastic recoil and produce forces that augment early ventricular filling. '9 Sabbah and Stein8 showed that the pressure-diameter relationship observed during the left ventricular rapid filling phase is inconsistent with passive filling of the ventricle. Ventricular diameter increased while pressure within the ventricle decreased. They suggested "self-enlargement" of the ventricle during the rapid filling phase, "possibly secondary to an active process of myocardial relaxation.... Elastic recoil or muscular contraction within the left ventricular wall during diastole may produce restoring forces which assist ventricular filling. "8 Our results may provide evidence for a regional demonstration of this concept in the intact beating dog heart.
Since Although the crystal placement in that study does not allow direct comparison with ours, the authors interpreted their findings to be "consistent with the concept of regional differences in elastic recoil, which may contribute to active ventricular filling." In this study the subendocardial LAD segments completed the REL phase significantly earlier than the overlying subepicardial LAD segments (23 ± 9 msec, ATC, table 2) whereas in the circumflex bed the difference was not significant (ATc, table 1). The explanation for this difference in the two left ventricular regions remains speculative but may reflect the shorter interval from onset of subepicardial segment lengthening to onset of subendocardial segment lengthening after PSS (63 + 9 msec, ATB table 2) in the LAD bed compared with that in the circumflex bed (82 ± 12 msec, ATB , table 1).
We compared the point of completion of the REL phase in the basal circumflex subendocardial segments with that in the simultaneously measured mid to apical LAD segments and found no significant difference, possibly because of the small sample size of simultaneous measurements of subendocardial LAD and circumflex region segments (n -3, ATD, ' We speculate that the pronounced asynchrony of onset of segment lengthening in the subendocardium and subepicardium observed in the present study may be related to the phenomenon of ASER described in the previous studies and that it may in fact be a normal occurrence in the intact working left ventricle. We suggest that the form of early subepicardial segmental relaxation demonstrated in these experiments is a function of the processes producing regional subendocardial PSS, which ultimately aids the early phase of left ventricular filling.
Further studies are needed to determine the effects of adrenergic activity, volume alterations, mitral stenosis, and metabolic or pharmacologic interventions on regional segmental early relaxation, mitral inflow, and segmental PSS.
